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Motivated by the discovery of the non-thermal Fermi bubble features both below and above
the Galactic plane, we investigate a scenario in which these bubbles are formed through Galacto-
centric outflow. Cosmic rays (CR) both diffusing and advecting within a Galactic breeze outflow,
interacting with the ambient gas present, give rise to γ-ray emission, providing an approximately flat
surface brightness profile of this emission, as observed. Applying the same outflow profile further
out within the disk, the resultant effects on the observable CR spectral properties are determined.
A hardening in the spectra due to the competition of advective and diffusive propagation within
a particular energy range is noted, even in the limiting case of equal CR diffusion coefficients in
the disk and halo. It is postulated that this hardening effect may relate to the observed hardening
feature in the CR spectrum at a rigidity of ≈ 200GV.
I. INTRODUCTION
The presence of a Galactic wind has considerable im-
pact on an array of topics connected to describing the
Galactic “halo” environment. With little knowledge
about such outer regions of the Galaxy, information pro-
vided by non-thermal probes hold the first clues to re-
vealing new information about this Galactic frontier.
Over the past few decades, a growing body of evidence
has amounted suggesting that our Galactic center (GC)
region feeds a wind. Such indications have been pro-
vided from a broad observational energy range, from ra-
dio HI [1], infrared [2] to X-ray [3]. Infrared observations
at larger scales [4] have further indicated that this wind
continues out to larger scales and may be responsible for
the larger out-of-plane scale structures observed.
More recently, absorption line features in the spectra of
distant AGN have been used to probe the gas flow struc-
ture [5]. The picture provided by these results indicates
the presence of coherent gas flow, consistent with that of
an outflow directed away from the Galactic plane. Fur-
thermore, recent γ-ray and radio observations [6–9] of the
region above and below the GC indicate the presence of
extended non-thermal particle populations inside bubble
structures which sit above and below the Galactic disk.
The presence of these cosmic ray (CR) populations are
indicative of outflow activity from the GC region. The
present picture, therefore, appears to indicate that both
hot gas and non-thermal particles are conveyed out from
the center of the disk into the halo within a centrally
driven Galactic wind.
With regards the velocity of the Milky Way’s out-
flow, there are several indicators about this from a host
of independent observations. Relatively mild velocities
∼ 300km s−1 are suggested to be present in the outflow
region close to the disk (∼ 1 − 2 kpc) by the weakness
of the X-ray features associated with the bubble edges
[6, 10–12]. The observation of high velocity clouds in
regions consistent with the bubble’s location [5], moti-
vate outflow velocities of ∼ 150km s−1 at distances of
∼ 4 kpc and ∼ 9 kpc away of the Galactic plane. Further
out towards the edges of the bubbles, other indications
support velocities < 100km s−1 in the outflow. Within
such a profile scheme, the distortion of the outflow struc-
tures seen to high latitudes in radio observations [9] may
be related to the motion of the Milky Way towards An-
dromeda, whose relative velocity is ∼ 50km s−1.
In the following, we consider the secondary signatures
that CR embedded in outflows can produce. In Section II
we adopt simple descriptions for the velocity flow in the
outflow and consider the subsequent diffusive-advective
motion of CR within it. The generation of secondary
signals by these CRs are considered in an effort for simple
comparisons with recent observations. In Section III, the
implications of the presence of Galactic driven outflows
on the CR detected at Earth are considered. We draw
our conclusions from these results in Section IV.
II. CR AND γ-RAYS ASSOCIATED WITH A
GALACTOCENTRIC OUTFLOW
We describe the propagation of CR within an outflow
from the GC region using the diffusion-advection equa-
tion. Denoting ψCR(r, p, t) the CR density per unit of
particle momentum p, at r,
∂ψCR
∂t
= ∇ · (D∇ψCR − V ψCR) +
∂
∂p
[p
3
(∇ · V )ψCR
]
−
ψCR
τCR
+QCR , (1)
where QCR is the source term. A diffusion scattering
length scale of λ10GV = 3D10GV/c = 0.3 pc is adopted.
For CR protons, τCR = τpp is the energy loss time scale
from pp interactions, while for CR nuclei, τCR is the in-
teraction time scale.
Motivated by the observations discussed above, we
adopt a divergence free outflow velocity profile, whose
z-dependence (in a cylindrical coordinate system where
2the z-axis is perpendicular to the disk) takes the form
V · zˆ = vmaxe
1
2
(1− d
z
) ×
2
1 + z/d
, (2)
with vmax = 300km s
−1 and d = 1kpc. For such an
outflow velocity profile, a timescale of O(100Myr) is re-
quired in order for the outflow to fill a region beyond the
bubbles. As for the source of this outflow, both a past
AGN outburst event (see e.g. [13–15]), and a starburst
phase or a sustained outflow driven by star formation in
the Galactic centre (e.g. [16]) have been proposed in the
literature. Reference [17] claims that the present velocity
data are not conclusive on the type of source responsible
for this outflow. Energetically, the starburst driven out-
flow luminosity is estimated to be (1− 3)× 1040 erg s−1
[16]. Although the present level of AGN activity from
the Galactic center (of Sgr A*) is considerably below this
(LSgr A∗ ∼ 10
33 erg s−1), there is a growing body of ev-
idence that its level in the recent past was significantly
higher [18, 19]. It therefore presently seems plausible for
either energy source to be driving the outflow. In the
present work, we prefer to keep the discussion general,
adopting instead the specific velocity profile of Eq. (2) as
the starting point in our calculations.
Interestingly, such a profile broadly encapsulates the
velocity profile of a “breeze” solution for the isothermal
outflow problem [20, 21]. For such a solution, the wind
is launched sufficiently subsonically that it accelerates
without becoming transonic, before decelerating after the
Bondi radius. The actual launching mechanism of the
wind is clearly of particular importance with regards its
subsequent velocity evolution with distance. The accel-
eration profile we adopt is motivated by an isothermal
outflow, requiring effective heating of the gas throughout
the launching zone.
A range of wind launching and acceleration mecha-
nisms have been considered in the literature: Winds
driven by supernovae (see e.g. [22]) and cosmic rays (see
e.g. the numerical simulations presented in [23–25]) have
both been considered a possibilities. Ref. [26] also stud-
ied the impact of CRs on the properties of the wind.
In the following, we sudy the impact of outflows on
CRs, rather than studying the mechanisms of wind
launching and acceleration. To this end, we adopt a
specific velocity profile as an input. The breeze pro-
files we consider, Eq. (2), do not correspond to the
wind profiles found in the literature for CR-driven winds,
such as in References [27–33]. Nonetheless, our outflow
profile is motivated for the Fermi bubbles by observa-
tions. Whether such a breeze profile can also describe
outflows at larger galactocentric radii is unsure at the
present time, but we note that some works, such as Ref-
erence [22], argue that some galaxies can fail to produce
successful winds with dV/dz > 0 at all z, for example
because of the ram pressure of infalling material.
The corresponding gas density profile of our breeze
description – Eq. (2), plateaus within the decelerating
flow phase. This motivates our naive constant den-
sity description for gas in the halo. For breeze out-
flow scenarios, the peak velocity distance depends on
how deep within the gravitational potential the wind
is launched and the isothermal temperature of the gas.
Adopting motivated numbers for the mass M within the
bulge around 1 kpc [34] and the isothermal temperature
at the base of the wind [10], the Bondi radius [35] is,
d = 2GM/v2th ≈ 2
(
M
1010 M⊙
) (
300 eV
kT
)
kpc.
We utilise a Monte Carlo approach to solve (1). Our
results with this technique have also been compared
with those obtained using an explicit differential equa-
tion solver, finding excellent agreement in all cases (see
Fig. 4 in Appendix A).
We assume that our source term, QCR, is constant in
time and located at the GC region. The copresence of
the resultant accumulated CR with ambient gas gives rise
to γ-ray bubble emission through pi0 production gener-
ated in pp interactions. This emission may potentially
account for the observed γ-rays from the bubbles, as has
previously been proposed by others [36].
To determine the level of this emission, the accumu-
lated CR density throughout the outflow region are con-
volved with the gas target material density in the out-
flow region. As motivated on theoretical grounds by [37],
and on observational grounds by [11], we adopt a con-
stant gas density within the bubble region at the level
3 × 10−3 cm−3. A γ-ray density map and a compari-
son of the γ-ray bubble-edge profile with Fermi measure-
ment [38] are shown in Fig. 1. For these results, a CR
luminosity of 1040 erg s−1 has been adopted for the cen-
tral source. In this comparison plot, the origin of the
diffuse γ-ray emission in the θ > 0 region is assumed
purely galactic in origin. Should some component of the
emission from this region be extragalactic, however, a
subsequent reduction of the Galactic center luminosity or
bubble gas density would be required in order to account
for such a reduction in required γ-ray emission intensity.
As can be seen from Fig. 1, a flat surface brightness
profile for the bubbles is obtained following the assump-
tion that the velocity profile of the bubbles is described
by Eq. (2). We note though that in reality a range of
velocity profiles can provide such a uniform brightness.
See for example [40]. In general, we find that for the
case of a constant density ambient medium description,
the present γ-ray data can be said to prefer decelerating
profiles. Instead, for decreasing gas density profiles, a
sharper fall-off in the velocity profile, than that adopted
in Eq. (2), would be required.
Although the cutoff at the bubble edges is not well
described by the simple constant density gas model (see
dashed line in Fig. 1), a steeper cutoff in the γ-ray pro-
file can be achieved by a sudden change in the density
of the gas at the bubble edge (see solid line), as moti-
vated in certain models [16]. A further motivation for
such an origin for the bubble edges comes from a com-
parison of their morphology as seen in γ-rays [6] and in
radio [9]. If GeV protons and electrons respectively give
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FIG. 1: Left: Contour plots showing log
10
of the γ-ray flux surface brightness (cm−2 s−1 sr−1) from the bubbles following
the interaction of CR in the outflow with the gas present. The different line colours indicate the corresponding contour value,
whose values are provided in the colour bar in the side-panel. Right: A comparison of the edge of the 1− 2GeV γ-ray bubble
from our outflow model with that from the Fermi observation analysis [38]. The angle θ is counted from the edge of the bubble.
It is noted that for the energy bin considered, at large θ, further diffuse γ-ray background [39] dominates the observed flux,
with the model values sitting below this level in this region. The solid line result adopts a decrease in the gas density at the
bubble edge whereas the dashed line result assumes a constant density throughout.
rise to the γ-ray and radio emissions, it would be curi-
ous that the electrons extend out to larger latitudes than
the protons. Such a difference between γ-ray and radio
data morphologies disfavours simple leptonic scenarios
for the γ-ray bubbles. Despite such challenges, however,
more involved diffuse acceleration models supporting a
scenario in which both the radio and γ-ray emission are
leptonic in origin are also presently viable [41].
One simple explanation for the difference in latitudi-
nal profiles in the radio and γ-ray emission is that both
protons and electrons possess extended distributions, and
that the difference in morphology of the secondary emis-
sion they produce is dictated by differing distributions
of target gas and magnetic fields. A potential associa-
tion of the astrophysical neutrino events detected by Ice-
Cube [42], with the bubbles and beyond [43], allows such
a hadronic origin scenario for the γ-rays to be tested in
the near future.
III. POTENTIAL IMPLICATIONS FOR CR
FLUXES AT EARTH
Out at radii well beyond the GC region, the role played
by any advective transport effects is less clear. In or-
der to keep this discussion general, we here explore two
extremum cases, namely, a diffusive only transport sce-
nario, and a case in which the inferred GC outflow prop-
erties are mirrored at much larger radii.
A. Local Contamination of Galacto-centric Outflow
With little evidence that a Galactic wind of an appre-
ciable strength exists out at larger Galacto-centric radii,
r, we here impose the extreme assumption that CR prop-
agation in this region (r > 200 pc) is purely diffusive.
Assuming further that the source is steady on the time-
scales under consideration (O(100Myr)), the subsequent
CR density along the disk is expected to follow a 1/r
dependence within the region where the steady-state has
been achieved, with a steeper fall off beyond this point.
Furthermore, TeV γ-ray observations of the GC region
by the HESS Cherenkov telescope instrument [44], al-
low the radial distance at which the inferred CR density
drops below its locally measured value to be determined.
At an energy of 10TeV, the CR density at a distance of
100pc from Sgr A* is ∼ 6 times above the sea level. With
a 1/r CR density distribution, the transition distance is
therefore ∼ 0.6 kpc. However, with a hard CR spectrum
observed to be present within this region, this transition
distance would be expected to occur at larger radii for
higher energy CR. Assuming the CR energy density in
the GC region has a spectrum dN/dECR ∝ E
−2.4, the ra-
tio of the GC CR energy density to the sea level would be
expected to increase as UGC/Usea ∝ E
0.3
CR. Consequently,
assuming this scaling rule holds, a transition distance of
8 kpc would be reached at an energy of ∼ 20PeV. This
number is derived in the most favourable case of no CR
advection in the halo, and, therefore, should be consid-
ered as an upper limit for such a GC contamination. This
shows that the GC can, in principle, contribute to the CR
flux at PeV energies. However, the observed CR spec-
trum above the “knee” at these energies is not ∝ E−2.4,
implying the need for a break to exist in the spectrum.
Such a solution appears rather ad hoc, requiring fine-
tuning in order that the Galactic centre contributes to
the arriving flux without, at the same time, violating
spectral shape constraints.
The PeV CR anisotropy direction, however, is com-
4patible with a CR gradient pointing towards the GC.
For a CR density ∝ r−1, the anisotropy amplitude is
∼ λ1 PV/rGC ≈ 0.6% if D ∝ E
1/3, which is close to
IceCube/IceTop measurements [45]. We note that in a
scenario where the PeV CR anisotropy would be due to
the GC, the anisotropy below 100TeV must have a dif-
ferent origin. Indeed, the direction of the CR anisotropy
flips by approximately 180◦ around ≈ 100TeV [45], and
points in the direction opposite to the GC at low ener-
gies. The anisotropy below 100TeV may, for example, be
due to a nearby supernova remnant (SNR). Reference [46]
suggested that Vela SNR is a good candidate for shaping
the CR anisotropy at Earth below 100TeV.
B. Local Outflow Effects
We next study the impact on CR observables of a local
outflow, whose velocity gradient becomes negative above
a given height d in the halo. To our knowledge, the im-
pact of such breeze velocity profiles on the local CR ob-
servables has not been presented in the literature yet.
While such velocity profiles may not correspond to those
expected for CR-driven winds (see e.g. [28, 29] where
dV/dz > 0 at all z), they can be motivated in some mod-
els (see e.g. the simulations of Ref. [22] for galaxies failing
to produce winds).
As a first approximation, we ignore here any variation
of CR sources or propagation parameters in the radial di-
rection from the GC axis. We assume that a one dimen-
sional model is able to encapsulate CR propagation in the
halo. Numerically solving the planar diffusion-advection
equation in z and E, for any arbitrary profiles of V (z)
and D(E), we coarsely investigate the effect of the advec-
tion velocity profile on CR observables. We verified that
our code accurately reproduces the expected CR density
profiles in the halo for the known cases of V = cst [47]
and V ∝ z [48], which are constant and decreasing with
z, respectively. On the contrary, the V (z) profiles we
consider below lead to an increase of CR density above
d, decreasing again as z → H (escape), where H denotes
the size of the escape boundary. Physically, the exis-
tence of H may correspond to the height at which the
magnetic field becomes too weak to confine CR through
diffusion. We set ψ = 0 at z = H as a boundary condi-
tion. We subsequently determine the steady-state distri-
butions for ψCR(z, E), for protons, boron and carbon nu-
clei. For boron and carbon, we denote them as ψB(z, E)
and ψC(z, E).
For the primary source term, we adopt the prescrip-
tion: QA = 0 in the halo (|z| > h = 200pc), and
QA = fAQCR in the disk (|z| ≤ h), where fA is the
fraction of species A emitted at the source. For the
gas density, we adopt: n = 0.85 cm−3 at |z| ≤ h, and
n ∼ 10−3 cm−3 at |z| > h. For clarity, we assume that
there are no sources of primary boron.
ψB,C satisfy Equation (1), with the loss terms for C,
N, and O, acting as source terms for boron. The source
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FIG. 2: A comparison of the transport times to different
heights, z, above the Galactic plane for the both diffusive
(tdiff) and advective (tadv) transport cases. tdiff and z∗ are
shown here for 10GV CR. The solid (dashed) line is the ad-
vection time out of region z for a velocity profile described by
Eq. (2) (for a constant velocity value), and the dotted line is
the diffusion time out of the same region.
term (QCR) in the equation for ψB is:
QB =
∑
Z
ψZ
τZ→B
=
∑
Z
cσZ→BnψZ , (3)
where τZ→B = 1/cσZ→Bn and the contributions from nu-
clei Z are dominated by C, N and O. Using the relative
abundances of nuclei in the CR flux (see Fig. 6 of [49]),
and the production cross-sections σZ→B from [50] and
quoted in Table 2 of [49], we rewrite the boron produc-
tion term as:
QB =
ψC
τ→B
= cσ→BnψC , (4)
with τ→B = 1/cσ→Bn and σ→B ≈ 131mb. We take
into account destruction of Boron (and similarly for
other species) through spallation, with the decay term
“−ψCR/τCR” in Eq. (1) for ψB set to:
−
ψB
τB→
= −cσB→nψB , (5)
where τB→ = 1/cσB→n, and the cross section σB→ for
this process is taken from [51]. We find σB→ ≈ 250mb
on pure p target (≈ 276mb on 90% p + 10% He). For
clarity, we take 250mb, which is compatible with the
value quoted in [52].
We take H = 25 kpc, and express D as D =
D10GV (E/(Z × 10GV))
δ, setting δ = 1/3 and keeping
the same normalization D10GV as in Section II. We have
verified that our code reproduces the expected B/C both
for the “no wind”, and “constant wind” cases. In the
latter case, the key parameter is z∗ = D/V (see purple
dashed line in Fig. 2), which separates out the distances
5at which diffusion and advection dominate the particle
transport. For low energies, z∗ < H and particles advect
to the boundary. The B/C ratio shows a quick transi-
tion to a constant value at these low energies because
z∗ ∝ E
δ. At higher energies, diffusion to the boundary
begins to dominate. Since no sudden change of slope is
seen in the B/C data, the propagation mode of CR in the
energy range sensitive to by present experiments should
be predominantly diffusive, i.e. z∗/H > 1, demanding
an advection wind speed of less than O(10 km s−1) for
H ∼ 10 kpc, in the case V = cst.
In general, however, strong winds are not disallowed by
the data. Several other wind profiles with V 6= cst are not
ruled out, such as V (z) ∝ z. We refer to this scenario as a
“Bloemen-like” wind [48]. For such a wind, the advection
time is independent of z, resulting in z∗ ∝ D
1/2, and the
spectral slope tending to −α− δ/2, when z∗ < H . Thus,
the presence of such a wind would lead to a softening
spectral index, from −α − δ/2 at low energies, to −α −
δ at high energies. Such a profile, however, would not
induce any hardening in the CR spectrum. We show now
that hardenings can appear with more complicated wind
profiles, and notably with our breeze profile, Eq. (2).
In Fig. 3, we calculate the CR spectrum at z = 0 (left-
panel), and the B/C ratio (middle-panel) for V (z) from
Eq. (2) (red curves), and for a similar profile, namely (2)
with z → z − 2 kpc and V = 0 at |z| < 2 kpc (green
curves). Plots of V (z) are shown in the right panel. For
reference, we show with thin black lines the “best fit” of
the B/C ratio from [49] for V = 0. The observational
data from AMS-02 for the B/C ratio therefore coincides
with this thin black line. We note that we do not try to fit
the data. Instead, we study, on purpose, caricatural ex-
amples in order to explore interesting phenomena allowed
by diffusion within a breeze profile, such as the formation
of breaks or points of inflection. The parameter values
chosen for the breeze profiles presented in Fig. 3 make
these features more prominent and more visible than in
the data. Fitting the existing data will be investigated
in a future work.
Focusing on the shape of the CR spectrum, one can
see a point of inflection in each of the curves. In order
to interpret these inflection points, a comparison of the
advection and diffusion timescales at different energies
must be made. In Fig. 2, the advection time for par-
ticles at different heights above the Galactic plane are
shown (solid purple line) for the case corresponding to
the red solid line of Fig. 3. Continuing with the assump-
tion that the diffusion coefficient depends only on energy,
the curvature of the tadv curve introduces new possibili-
ties as to which of these transport processes dominates.
This variety of scenarios, in turn, allows for a broader
range of spectral phenomena than the simple leaky box,
V = cst or “Bloemen-like” wind descriptions. In Fig. 2,
the curve for the typical diffusion time tdiff (dotted blue
line) crosses the advection curve, for sufficiently low en-
ergy CR (results shown here for 10GV CR). This crossing
acts as a bottleneck, providing an effective halo height
z∗ < H . At low energies, the outflow then reduces the
size of the diffusion “box”, within which CR can safely
diffuse and return to the observer at z = 0, from the full
size, H , down to ∼ z∗. Beyond this distance, advection
wins over diffusion, and CR do not come back to z = 0.
For higher energy CR, however, the diffusion lengths are
considerably larger, allowing diffusion to win over advec-
tion in the entire halo, and the problem simplifies to a
basic leaky-box of size H . With the above parameter val-
ues, this happens at energies E & 1013−14 eV. As can be
seen in Fig. 3 (left panel), the CR spectrum then returns
to a power-law of the form ∝ E−α−δ=−2.7 at such ener-
gies. Below ∼ 1012−13 eV, the CR flux is “suppressed”.
A more quantitative description of this behaviour is
provided through the consideration of the change of z∗
with diffusion coefficient, described through the relation-
ship, z∗ ∝ D
β . The tadv curve in Fig. 2 does not vary
strongly with z, on 0.2 . |z|/kpc . 2. Therefore, for low
energy CR (∼ 109−11 eV), β ∼ 0.5. The resultant spec-
trum is then close to that of a “Bloemen-like” wind, ex-
plaining why the spectral index of the red curve in Fig. 3
(left panel) is harder than 2.7 at such energies. At higher
energies, β grows larger than 1 and the role of the ad-
vection term subsequently quickly turns off. The effective
box size abruptly increases from z∗ . a few kpc toH , and
the resultant CR spectrum then becomes harder before
softening again and matching the spectrum expected for
a standard fixed-size diffusion “box”, at E & 1013−14 eV.
Due to this change in box size, the spectrum at high en-
ergies is normalised to a larger flux value than the spec-
trum at low energies. For the green curve, V = 0 (i.e.
tadv → ∞) at |z| < 2 kpc. The corresponding tadv curve
would be shifted by ≈ +2kpc at low z compared to the
curve shown in Fig. 2. In this case, tdiff then crosses
tadv at a value z∗ ≈ 2 kpc, for CR with E . 10
11 eV. In
this energy range, the increase of z∗ with energy is small
compared to 2 kpc. For z slightly greater than 2 kpc, the
advection time decreases quickly with z, resulting in β
being small (≪ 1). The CR spectrum in this low energy
region reflects that of the fixed-size diffusion “box” case,
with a box size equal to ≈ 2 kpc. This is why the spectral
index of the green curve in Fig. 3 (left panel) tends to
2.7 at low energies.
In summary, the spatially dependent velocity profile we
adopt introduces the possibility for a smooth transition
from one size diffusion box at low energies, to a larger
diffusion box size at higher energies. For some parame-
ter values, it is possible to make the hardening that we
found in the CR spectrum coincide better with the one
measured at 200GV by PAMELA, CREAM and AMS-
02. Interestingly, if the high-energy softening is left con-
cealed to higher energies (& 3PeV), one may then explain
the 200GV hardening with the launching of a breeze or
wind in the halo, even without invoking a change in D
between the disk and the halo. This argument remains
valid also for some winds with dV/dz > 0 at all z. These
data are most sensitive to the accelerating part of the
outflow, while those in Sect. II essentially probe the de-
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FIG. 3: CR flux (left panel) and B/C ratio (middle) at z = 0, for the outflow profiles displayed in the right panel. We do not
try to fit the data. D10GV = 3 × 10
28 cm2 s−1, δ = 1/3, H = 25 kpc, n(z) = 0.85 cm−3 for |z| ≤ h and 10−3 cm−3 otherwise,
CR spectrum at sources ∝ E−2.37, and total power injected in CRs at |z| ≤ h set to ≈ 3.3× 1039 erg pc−2 yr−1. Each scenario
is represented by the same line type on each panel. Thin black line for the “best fit” model of [49] with V = 0.
celerating part of the outflow.
For the same reasons, similar hardenings are expected
to appear in the B/C ratio at “intermediate” energies,
see middle panel. This is not contradictory with present
measurements as long as the hardening is left concealed
to higher energies or is hidden within the systematics
of the present instruments. Indeed, in connection to the
second of these possibilities, it is noted that apparent con-
flicts in secondary to primary ratios still exist in current
data sets (e.g. see Ti/Fe ratio by ATIC-2 [53], HEAO-3-
C3 [54], and also their comparison to the B/C ratio [55]).
IV. CONCLUSIONS
We first investigated a scenario in which an advective
outflow, emanating from the Galactic center region, car-
ries pre-accelerated CR. These CR produce secondary
γ-rays via pp interactions on target gas. We have demon-
strated that one can reproduce a flat γ-ray surface bright-
ness profile, as is observed for the Fermi bubbles, pro-
vided that the outflow decelerates with distance above
the Galactic disk. Such a description for the outflow
profile is encapsulated by “breeze” solutions of isother-
mal winds.
Assuming CR propagation beyond the central zone is
purely diffusive, it is possible for a non-negligible fraction
of CR from the GC region to reach large radii. The con-
tamination under this assumption is energy dependent,
and we found that CR from the GC may potentially be-
come the dominant source for the flux observed at Earth,
at & PeV energies. The absence of evidence indicating
the onset of a new component in the CR spectrum at
these energies, however, place challenges on such a pos-
sibility.
Imposing, instead, a wind scenario also out at larger
Galactocentric radii, we have demonstrated that for the
breeze profile (2), an inflection point is introduced into
the CR spectrum shape at z = 0, as a result of compe-
tition between CR advection and diffusion in the halo.
We have shown that hardenings can appear in the CR
spectrum due to the launching of a breeze or wind in the
Milky Way’s halo, even without invoking any change in
the CR diffusion coefficient value between the disk and
halo.
We conclude that a breeze outflow scenario from the
Galaxy provides an interesting array of observational sig-
natures able to diagnose its presence. Although presently
only motivated from Galactocentric outflow observations,
the results outlined provide a useful reference for future
observations able to disclose its presence at larger radii.
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APPENDIX A: GALACTIC CENTER OUTFLOW
SIMULATIONS
As a cross-check on the solutions to Equation (1) ob-
tained, a comparison of the results obtained from both
the Monte Carlo and differential equation solver methods
are shown in Fig. 4. As is evident from this plot, very
good agreement is found between the two methods. Note
the boundary and system setup conditions for this result
were the same as that for the main paper text. Namely,
a continuous source term, QCR was located in the cen-
tral region, a constant diffusion coefficient (D10GV) was
assumed, and an advective outflow described by Eq. (2)
was adopted.
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FIG. 4: A comparison plot showing the log10 cosmic ray den-
sity contours (cm−3) obtained using both the Monte Carlo
and differential equation solver methods. “MC” refers to the
Monte Carlo result and “diff” to that from the differential
equation solver. The different line colours indicate the cor-
responding contour value obtained from the “MC” method,
whose values are provided in the colour bar in the side-panel.
The dashed lines are the results from the differential equation
solution.
APPENDIX B: SIMULATIONS FOR OUTFLOWS
AT LARGER GALACTOCENTRIC RADII
We show here some of the code verifications relating
to the calculations presented in Section III B.
We verified that our code can reproduce the expected
CR fluxes and spectra as functions of z for the V (z) =
0, V (z) = cst and V (z) ∝ z wind profiles. As an
example, we show in Fig. 5 (left panel) our calcula-
tions of the normalized CR spectra multiplied by E2.1,
E2.1N(E)/N(E = 104GeV, z = 0), at z = 0 (black solid
line) and z = 10kpc (green solid line), using the param-
eters of Figure 1 of Ref. [48] for V0 = 10km s
−1 kpc−1,
where
V (z) = 3V0z . (B1)
The parameters are: H = 20kpc, D10GV ≃ 4.0 ×
1029 cm2 s−1, δ = 0.6, and the spectral index at the
sources is α = 2.1. Good agreement is found between
this result and its equivalent in Fig. 1 of Ref. [48].
Concerning the calculation of the boron-to-carbon ra-
tio, we verified, amongst other tests, that our code
can reproduce the results for the “benchmark fit” pre-
sented in Figure 3 of Ref. [49]. The parameters of this
“benchmark fit” are: V (z) = 0, H = 4kpc, D10GV ≃
4.8 × 1028 cm2 s−1, and δ = 0.44. The results from our
code are plotted in the right panel of Fig. 5 (green solid
line). The agreement with Fig. 3 of Ref. [49] is good.
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